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Abstract 
During their operation, modern aircraft engine components are subjected to increasingly demanding operating conditions, 
especially the high pressure turbine (HPT) blades. Such conditions cause these parts to undergo different types of time-dependent 
degradation, one of which is creep. A model using the finite element method (FEM) was developed, in order to be able to predict 
the creep behaviour of HPT blades. Flight data records (FDR) for a specific aircraft, provided by a commercial aviation 
company, were used to obtain thermal and mechanical data for three different flight cycles. In order to create the 3D model 
needed for the FEM analysis, a HPT blade scrap was scanned, and its chemical composition and material properties were 
obtained. The data that was gathered was fed into the FEM model and different simulations were run, first with a simplified 3D 
rectangular block shape, in order to better establish the model, and then with the real 3D mesh obtained from the blade scrap. The 
overall expected behaviour in terms of displacement was observed, in particular at the trailing edge of the blade. Therefore such a 
model can be useful in the goal of predicting turbine blade life, given a set of FDR data. 
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Abstract 
The paper is devoted to comparative analysis of the capabilities of the most common models of interfaces which are used for 
simulation of multiphase materials. Influence of the parameters of these models on the microscopic mechanical properties of the 
metal-ceramic composites was also investigated. It was shown that the most effective way of explicit modeling of interphase 
boundaries are models of extended (wide) interface area. For example, models of homogeneous interface zones provide the 
opportunity to study influence of thermal conditions of composite material production and differenceы between the elastic 
constants and r eol gical parameters of different phases on integral properties of the omposites. If interphase bound ries re 
characterized by gradients f elemental composition and defect structure at th  transition from one phas  to anoth r, is the most 
adequate to use “gradient” models of the interface zones. 
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Metal-ceramic materials on the base of refractory and highly rigid chemical compounds with a metal binder are 
characterized by high values of mechanical and tribological properties. This determines their widespread application 
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as functional materials used in critical parts and nodes of heavily loaded tribomechanical systems (Chawla and 
Chawla (2006)). Improving of the mechanical properties of metal-ceramic composites is carried out through 
directional change of the parameters of the internal structure of materials at the micro- and nanoscale levels. Key 
structural elements of the material on these scales are the interfaces between the ceramic and metal phases. Their 
mechanical and geometrical properties have a significant, and in many cases, determining influence on the 
mechanical properties of the composites (Lurie et al. (2006); Singh et al. (2007); Tran et al. (2010)). Dependences of 
the mechanical properties of the composites on the properties of interphase interfaces usually have a non-linear and 
non-monotonic character. Therefore, to identify the type of these dependencies a computer simulation with explicit 
account of interphase boundaries is usually used. Currently, various models of interphase boundaries have been 
applied. These models are differing in the degree of precision and detail of the description of the interfaces. They 
could be divided into three main types: 
1. “Infinitely thin” interface (cohesive interface), the only characteristics of which are the strength properties. 
2. The extended (wide) interface area with a homogeneous structure and properties. Geometrical and mechanical 
properties of this area are determined on the basis of the approach of geometrically necessary dislocation (Suh et al. 
(2009); Shao et al. (2011)).  
3. The extended interface area which is characterized by a gradient of mechanical properties. This model 
additionally takes into account mechanisms of formation of the internal structure of the interface in the process of 
the composite synthesis. These mechanisms are associated with diffusion and mixing (in the case of forming of the 
molten regions) of the components and formation of solid solutions and secondary nanoparticles in the interface. 
The use of a particular model (or their combination) is determined by the conditions of production of the 
composite material, the ratio of the elastic and plastic properties of components and, accordingly, the possibility of 
simplifying of the description of the interface as a separate structural element of the material. To obtain an adequate 
simulation results the necessary step of composite material model construction is to study the influence of the chosen 
approach of description of the interface on the integral mechanical properties of a fragment of metal-ceramic 
composite comprising, in addition to the interface, adjacent areas of ceramic inclusions and metallic binder. 
Therefore, the aim of the paper is a comparative analysis of the capabilities of the most common models of 
interfaces and the impact of the parameters of these models on the microscopic mechanical properties of the metal-
ceramic materials. The study was based on computer-aided simulation by movable cellular automaton method 
(Psakhie et al. (2011); Psakhie et al. (2013); Shilko et. al (2015)). 
2. Results of computer-aided simulation 
Interphase boundary of model metal-ceramic composite material consisting of a nichrome metallic binder (NiCr) 
with ceramic inclusions of titanium carbide (TiC) was considered as a model object in the paper. The model of 
"narrow" interface (Psakhie et al. (2013)) between nichrome alloy and titanium carbide was used for investigation of 
influence of the strength characteristics of the interface on the strength and fracture features of microscopic fragment 
of the model metal-ceramic material. The only mechanical characteristics of such “narrow” boundaries are the 
parameters of fracture criterion for couples of movable cellular automata “NiCr-TiC”. Note that two-parameter 
Drucker-Prager criterion was used as a fracture criterion in the paper. Uniaxial tensile test of two-dimensional 
samples (with dimensions 2x6 mm), containing “narrow” interphase boundary (fig. 1a), was simulated. Elastic 
constants of the material and the diagram of uniaxial loading are used as input parameters for the model of 
interaction of cellular automata. These parameters determine mechanical response function of movable cellular 
automaton. To model the elastic-plastic NiCr binder the parameters of mechanical response of movable cellular 
automaton conforming to the mechanical properties of nickel-chromium alloy were chosen. The response function of 
automaton modeling NiCr was considered as stress-strain diagram with linear hardening. This diagram is an 
approximation of the experimental diagram of uniaxial compression of macroscopic samples of the alloy. 
Mechanical properties of automata that simulate high-strength brittle ceramic phase, meet the real properties of TiC 
particles. Samples in which the strength characteristics of the interface were ranged between corresponding values of 
Drucker-Prager fracture criterion for nichrome alloy and titanium carbide were considered. 
Analysis of the simulation results showed that the strength of the considered microscopic sample with ”narrow” 
interphase boundary does not depend on the strength characteristics of the interface. Fig. 1b shows a comparison of 
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as functional materials used in critical parts and nodes of heavily loaded tribomechanical systems (Chawla and 
Chawla (2006)). Improving of the mechanical properties of metal-ceramic composites is carried out through 
directional change of the parameters of the internal structure of materials at the micro- and nanoscale levels. Key 
structural elements of the material on these scales are the interfaces between the ceramic and metal phases. Their 
mechanical and geometrical properties have a significant, and in many cases, determining influence on the 
mechanical properties of the composites (Lurie et al. (2006); Singh et al. (2007); Tran et al. (2010)). Dependences of 
the mechanical properties of the composites on the properties of interphase interfaces usually have a non-linear and 
non-monotonic character. Therefore, to identify the type of these dependencies a computer simulation with explicit 
account of interphase boundaries is usually used. Currently, various models of interphase boundaries have been 
applied. These models are differing in the degree of precision and detail of the description of the interfaces. They 
could be divided into three main types: 
1. “Infinitely thin” interface (cohesive interface), the only characteristics of which are the strength properties. 
2. The extended (wide) interface area with a homogeneous structure and properties. Geometrical and mechanical 
properties of this area are determined on the basis of the approach of geometrically necessary dislocation (Suh et al. 
(2009); Shao et al. (2011)).  
3. The extended interface area which is characterized by a gradient of mechanical properties. This model 
additionally takes into account mechanisms of formation of the internal structure of the interface in the process of 
the composite synthesis. These mechanisms are associated with diffusion and mixing (in the case of forming of the 
molten regions) of the components and formation of solid solutions and secondary nanoparticles in the interface. 
The use of a particular model (or their combination) is determined by the conditions of production of the 
composite material, the ratio of the elastic and plastic properties of components and, accordingly, the possibility of 
simplifying of the description of the interface as a separate structural element of the material. To obtain an adequate 
simulation results the necessary step of composite material model construction is to study the influence of the chosen 
approach of description of the interface on the integral mechanical properties of a fragment of metal-ceramic 
composite comprising, in addition to the interface, adjacent areas of ceramic inclusions and metallic binder. 
Therefore, the aim of the paper is a comparative analysis of the capabilities of the most common models of 
interfaces and the impact of the parameters of these models on the microscopic mechanical properties of the metal-
ceramic materials. The study was based on computer-aided simulation by movable cellular automaton method 
(Psakhie et al. (2011); Psakhie et al. (2013); Shilko et. al (2015)). 
2. Results of computer-aided simulation 
Interphase boundary of model metal-ceramic composite material consisting of a nichrome metallic binder (NiCr) 
with ceramic inclusions of titanium carbide (TiC) was considered as a model object in the paper. The model of 
"narrow" interface (Psakhie et al. (2013)) between nichrome alloy and titanium carbide was used for investigation of 
influence of the strength characteristics of the interface on the strength and fracture features of microscopic fragment 
of the model metal-ceramic material. The only mechanical characteristics of such “narrow” boundaries are the 
parameters of fracture criterion for couples of movable cellular automata “NiCr-TiC”. Note that two-parameter 
Drucker-Prager criterion was used as a fracture criterion in the paper. Uniaxial tensile test of two-dimensional 
samples (with dimensions 2x6 mm), containing “narrow” interphase boundary (fig. 1a), was simulated. Elastic 
constants of the material and the diagram of uniaxial loading are used as input parameters for the model of 
interaction of cellular automata. These parameters determine mechanical response function of movable cellular 
automaton. To model the elastic-plastic NiCr binder the parameters of mechanical response of movable cellular 
automaton conforming to the mechanical properties of nickel-chromium alloy were chosen. The response function of 
automaton modeling NiCr was considered as stress-strain diagram with linear hardening. This diagram is an 
approximation of the experimental diagram of uniaxial compression of macroscopic samples of the alloy. 
Mechanical properties of automata that simulate high-strength brittle ceramic phase, meet the real properties of TiC 
particles. Samples in which the strength characteristics of the interface were ranged between corresponding values of 
Drucker-Prager fracture criterion for nichrome alloy and titanium carbide were considered. 
Analysis of the simulation results showed that the strength of the considered microscopic sample with ”narrow” 
interphase boundary does not depend on the strength characteristics of the interface. Fig. 1b shows a comparison of 
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loading curves of model samples, in which parameters of fracture criterion of the interface correspond to nichrome 
alloy (red curve) and titanium carbide (black dashed curve). It could be seen that the presented diagrams are 
identical. The absence of differences in the mechanical response of the model interfaces with different strength 
parameters is associated with the fact that in considered two-component system (NiCr and TiC) nichrome alloy 
tensile strength is more than 1.6 times higher than the tensile strength of titanium carbide (834 MPa vs. 510 MPa). 
Therefore, if the boundary has higher strength characteristics in comparison with TiC (fig. 2a), than at certain level 
of stresses in the sample a localization of fracture directly to the ceramic phase of the system takes place. If the 
strength of the boundary is comparable or equal to the strength of titanium carbide, than fracture begins directly at 
the interface, and followed by “growth” of cracks into the TiC area (Figure 2b). 
 
 a)   b) 
Fig. 1. Structure of model fragment of metal-ceramic composite with “narrow” interface (a) and diagrams of uniaxial tension of model samples 
obtained for different parameters of fracture criterion for the interface (b). 
a)   b) 
Fig. 2. Fracture patterns of the model system: a) - fracture criterion parameters of the interface correspond to NiCr; b) - TiC. 
The obtained result for the “narrow” interface revealed that the use of such approach to modeling the interphase 
zone doesn’t allow to fully investigate the features of the influence of the properties and structure of the interface 
area on the integral properties of composite materials. Thus, interphase zones of different widths can be formed in 
the composite material depending on its chemical composition, production conditions and subsequent treatment. In 
some cases (for example for submicro- and nanoscale inclusions) width of these zones can significantly exceed the 
size of dispersed inclusions and at high concentrations of inclusions could reach a value of the characteristic distance 
between them. Properties of such interphase transition zones differ significantly from the properties of the metallic 
binder and determined by the density of geometrically necessary dislocations due to mismatch of the coefficients of 
thermal expansion and elastic constants of the inclusions and the binder. Therefore, influence of mechanical and 
rheological properties of interfaces of finite on the mechanical response of the model microscopic fragment of a 
metal-ceramic composite was analyzed. Uniaxial tension of two-dimensional samples consisting of adjacent areas of 
titanium carbide and nichrome alloy, separated by an interface area (fig. 3), was simulated in the paper. The sample 
size was 2x6 mm, dimensions of ceramic, metal and transition parts of the sample were equal to 2x2 m. Influence of 
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Young modulus, yield stress and strain hardening coefficient of the interface zone on the integral value of ultimate 
strain and strength of the simulated system was investigated. Since in the framework of this model the interface zone 
is a binder with high density of geometrically necessary dislocations, change of a considered mechanical parameter 
carried in relation to the analogous value for nichrome alloy. For example, a change of Young's modulus of the 
interface zone with respect to the elastic modulus of NiCr was set by aspect ratio a: Eint=aENiCr. The change of the 
parameters of the response function was carried out using the assumption that the interphase region in the composite 
material contains a fairly large amount of impurities and defects of the internal structure. Therefore, its elastic and 
rheology (yield strength, strain hardening coefficient) characteristics cannot be lower than the corresponding 
parameters of nichrome alloy. So, the value of coefficient a was assumed greater than one (a> 1). 
 
 
Fig. 3. The structure of the model microscopic fragment of a metal-ceramic composite with a "wide" interface area. 
Fig. 4 shows the diagrams of uniaxial tension of the model samples which are characterized by different values of 
Young modulus Eint of interphase boundary. It could be seen that the change in the Young modulus of the interface 
does not effect on the mechanical response of the simulated system. Increase in Eint leads to some increase in the 
integral Young modulus and nonessential decrease in the value of ultimate strain of considered samples. And change 
of the Young modulus of the interface doesn’t influence on the strength of the sample. 
 
 
Fig. 4. Diagrams of uniaxial tension of model samples of metal-ceramic composite with “wide” interface for different values of Eint: ENiCr (1); 
1.1ENiCr (2); 1.2ENiCr (3). 
Fig. 5a shows the response function of the movable cellular automaton interface zones with different values of 
yield stress σy_int. In this case, the increase of σy_int of cellular automata of interface takes into account increase in the 
density of geometrically necessary dislocations caused by the mismatch of thermal expansion coefficients of the 
materials of inclusion and the binder. “Plastic incompatibility” of materials doesn’t take into account, so that the 
degree of strain hardening of interfaces is the same. Analysis of the simulation results showed that such a 
“modification” of response function of movable cellular automata of interface area leads to significant change in the 
integrated response of the simulated microscopic fragment of the composite material (fig. 5b). It is seen that an 
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does not effect on the mechanical response of the simulated system. Increase in Eint leads to some increase in the 
integral Young modulus and nonessential decrease in the value of ultimate strain of considered samples. And change 
of the Young modulus of the interface doesn’t influence on the strength of the sample. 
 
 
Fig. 4. Diagrams of uniaxial tension of model samples of metal-ceramic composite with “wide” interface for different values of Eint: ENiCr (1); 
1.1ENiCr (2); 1.2ENiCr (3). 
Fig. 5a shows the response function of the movable cellular automaton interface zones with different values of 
yield stress σy_int. In this case, the increase of σy_int of cellular automata of interface takes into account increase in the 
density of geometrically necessary dislocations caused by the mismatch of thermal expansion coefficients of the 
materials of inclusion and the binder. “Plastic incompatibility” of materials doesn’t take into account, so that the 
degree of strain hardening of interfaces is the same. Analysis of the simulation results showed that such a 
“modification” of response function of movable cellular automata of interface area leads to significant change in the 
integrated response of the simulated microscopic fragment of the composite material (fig. 5b). It is seen that an 
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increase in the yield stress of the interface leads to increase in the strength of the system and a significant increase in 
ultimate strain and integral hardening coefficient of simulated microscopic fragment. 
 
 a)  b) 
Fig. 5. Response functions of interphase area (a) and diagrams of uniaxial tension of model samples of metal-ceramic composite (b) for different 
values of σy_int: σy_NiCr (1); 1.1σy_NiCr (2); 1.2σy_NiCr (3). 
The reason for a significant change in the parameters of the mechanical response of the modeled system is 
changing of a character of strain distribution in the sample at changing of the yield stress of the interface area. Thus 
fig. 6 shows strain intensity distribution in the model samples with interfaces which are characterized by different 
values of σy_int. It can be seen that in the case of σy_int=σy_NiCr strains are sufficiently uniformly distributed in the 
volume of the interface area and the binder. Thus largest strains occur directly on the boundary with the elastically 
deformable carbide part of the model sample (fig. 6a) near stress concentrator. Increasing of the yield stress of the 
interface area leads to localization of strains in the most "soft" (compared with the interface and titanium carbide) 
nichrome part of the sample (fig. 6b,c). And intensity of the strain localization in nichrome area increases with 
increasing of σy_int. Ability to localize large irreversible strains leads to partial “smearing” of the stress concentrator 
at the border “interface zone”-“carbide phase”, increasing of integrated “deformation ability” of the simulated 
system, and hence to increasing of its strength. 
 
 a)    b)    c) 
0 0.011 
Fig.  6. Strain intensity distributions in model samples with “wide” interfaces for different values of σy_int: σy_NiCr (a); 1.1σy_NiCr (b); 1.2σy_NiCr (c). 
Similar results were obtained in the case of simultaneous increase of the yield stress (σy_int) and strain hardening 
coefficient (Kint) of the interface area. Note that the increase of Kint takes into account generation of geometrically 
necessary dislocations due to the mismatch of the elastic constants of the binder and the inclusion (so-called plastic 
incompatibility). Fig. 7a shows the response function of the interface areas with different values of σy_int and Kint. In 
this example is shown a particular case of increasing of the yield stress and strain hardening coefficient in the same 
proportion with respect to the corresponding parameters of the nichrome alloy. Described change in the rheological 
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properties of the “wide” interface leads to increase in strength, ultimate strain and strain hardening coefficient of the 
simulated system (fig. 7b). Note, that loading diagrams shown in figures 5b and 7b are close not only qualitatively 
but also quantitatively. This indicates that the leading role in strengthening of metal-ceramic composite with “wide” 
interfaces belongs to the “initial” geometrically necessary dislocations formed in the process of material production. 
Thus, increase in the yield stress and strain hardening coefficient of interphase areas leads to the considerable 
increase of the degree of strain localization in most "soft" and plastic regions of the composite. This is accompanied 
by an increase in the integral properties of the material. 
 
 a)  b) 
Fig.  7. Response functions of interphase area (a) and diagrams of uniaxial tension of model samples of metal-ceramic composite (b) for different 
values of σy_int and Kint: 1 - σy_int=σy_NiCr, Kint=KNiCr; 2 - σy_int=1.1σy_NiCr, Kint=1.1KNiCr; 3 - σy_int=1.2σy_NiCr, Kint=1.2KNiCr. 
It should be noted that the interphase boundaries in the metal-ceramic composites are characterized by the 
gradients of the element composition, defects, and as a consequence, the mechanical properties at the transition from 
the ceramic inclusions into volume of metallic binder (Psakhie (2013)). Therefore, influence of the gradient of the 
rheological properties in the “wide” interphase area on the integral mechanical properties model microscopic 
samples was analyzed in the paper. For this purposes in the considered interface zone were set gradients of the yield 
stress and strain hardening coefficient at the transition from the boundary “interface”-“titanium carbide” to the 
boundary “interface”-“nichrome” (fig. 8a). The character of change of response function of movable cellular 
automata in the interphase area at the transition from the metallic binder to the carbide inclusion is shown 
schematically in fig. 8b. 
 
a)  b) 
Fig. 8. Structure of model microscopic fragment of metal-ceramic composite with “wide gradient” interphase area (a) and и schematic 
representation of character of change of response function of movable cellular automata in the interphase area at the transition from the metallic 
binder to the carbide inclusion. 
Simulation results showed that presence of the gradient of rheological properties inside the interface area leads to 
a significant increase in the integral plasticity of the material and a slight decrease in the strain hardening coefficient 
and strength in comparison with a sample containing a uniform interface zone with σy_int=1.2σy_NiCr и Kint=1.2KNiCr 
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Simulation results showed that presence of the gradient of rheological properties inside the interface area leads to 
a significant increase in the integral plasticity of the material and a slight decrease in the strain hardening coefficient 
and strength in comparison with a sample containing a uniform interface zone with σy_int=1.2σy_NiCr и Kint=1.2KNiCr 
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(curves 2 and 3 in fig. 9). At the same time for a sample with "gradient interface" takes place a substantial increase in 
strength, ductility and strain hardening coefficient in comparison with the sample containing a uniform interface area 
with σy_int=σy_NiCr и Kint=KNiCr (curves 1 and 3 in fig. 9). Described influence of the gradient structure of interphase 
boundaries on the integral mechanical response of the microscopic fragment of metal-ceramic composite determined 
by a combination of several factors. Thus, due to the gradient of the rheological properties of the interphase area 
reduces the volume fraction of a material with high values of yield stress and strain hardening coefficient (compared 
to the sample with a uniform interface, characterized by the maximum values of σy_int and Kint). The consequence of 
this is the decreasing of the integral values of the strain hardening coefficient and the strength of the simulated 
system. At the same time, a smooth change of properties during the transition from ductile metallic binder to the 
rigid elastically deformable carbide inclusion leads to greater (compared with the sample with uniform interface at 
σy_int=1.2σy_NiCr and Kint=1.2KNiCr) strain localization in the most ductile material of NiCr (fig. 10). Presence in the 
interphase zone of areas with rheological properties close to the nichrome alloy ones allows partially transfer strain 
localization process into the interface area. This leads to increase of ultimate strain of the model sample with 
gradient structure of transition zone. 
 
 
Fig. 9. Diagrams of uniaxial tension of model samples of metal-ceramic composite with “wide” interphase areas for homogeneous (curves 1 and 
2) and “gradient” (curve 3) interfaces: 1 - σy_int=σy_NiCr and Kint=KNiCr; 2 - σy_int=1.2σy_NiCr and Kint=1.2KNiCr; 3 – interface with gradient of 
rheological properties. 
a)   b)   c) 
0 0,011 
Fig. 10. Strain intensity distributions in model samples with “wide” interfaces: a - σy_int=σy_NiCr and Kint=KNiCr; b - σy_int=1.2σy_NiCr and 
Kint=1.2KNiCr; c – interface with gradient of rheological properties. 
It should be noted that at the boundary of the interface zone with a ceramic phase (TiC) fracture criterion of 
Drucker-Prager with parameters corresponding to the characteristics of titanium carbide was used. As a result 
fracture of all samples containing "wide" interface area began at the boundary between interface and carbide phase 
with following growth into the ceramic phase. As a result fracture patterns were similar to shown in fig. 2b. 
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3. Conclusions 
The simulation results showed significantly limited possibilities of the cohesive interface model to describe the 
influence of the properties of the interfaces on the mechanical properties of the composite material at the micro level. 
In particular, the variation of strength parameters of the interface influences on the strength and fracture character of 
composites only in the range of low values of adhesion strength (which is not greater than the strength of the ceramic 
phase). In this case ability to control the rheological properties of the composite is absent. 
As evidenced by the results of a computer-aided simulation, an effective tool for analyzing capabilities to control 
rheological properties of the composite by means of changing of the characteristics of the interphase areas are 
models of extended interface zones. Thus, the models of homogeneous interface zones provide the opportunity to 
study influence of thermal conditions of composite material production and difference between the elastic constants 
and rheological parameters of different phases on integral properties and strength of material. In particular, using this 
model, it is shown that the leading role in strengthening of metal-ceramic composite with “wide” interfaces belongs 
to the “initial” geometrically necessary dislocations generated in the process of its synthesis. 
In cases where the interphase interfaces are characterized by gradients of elemental composition, defects and as a 
result, of the mechanical properties at the transition from the ceramic inclusions to metallic binder, is the most 
adequate “gradient” model of the interface zone. The characteristic difference of this model from the previous is 
accounting of changing of the concentration of defects, impurities and nanoparticles in the transition from the 
surface of the ceramic inclusion to binder. Simulation results showed that the distribution of stress and strain and 
consequently strength and fracture toughness of metal- ceramic composites are determined not only by the degree of 
hardening, but to a lesser extent by the magnitude of the gradient of the mechanical properties in the interface. 
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